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Direct measurements of cosmic rays have finally entered a precision era. Large particle physics 
experiments operating in space allowed high-statistic measurements of the cosmic ray energy spectra, 
of their chemical and isotopic composition, and of the rare antimatter components, in a wide energy 
range. In this paper, I will review the progress in the field, the recent results, their implications on 
our understanding on the origin of cosmic rays, the new open questions, the challenges for future 


experiments of direct detection of cosmic rays. 


I. INTRODUCTION 


Cosmic rays (CRs) are the main constituents of the 
charged radiation in space and represent one of the most 
fascinating research subjects in modern astrophysics. 
They are constituted by ionized atoms of all known el- 
ements and their isotopes, electrons, and antimatter. It 
may be said that high-energy CRs constitute a genuine 
sample of Galactic matter. In fact, most of cosmic par- 
ticles come from outside the solar system and, in the 
range from multi-MeV to multi-PeV energies, they are 
believed to originate in the Milky Way. More precisely, 
CRs are called primary if they are accelerated by astro- 
physical sources such as supernova remnants or stellar 
winds, while secondary CRs are generated by collisions 
of high-energy nuclei with the interstellar matter. The 
most abundant species such as protons and helium are 
primary CRs. Also carbon, oxygen, iron and other nuclei 
synthesized in stars, as well as electrons, are of primary 
origin. Rarer species such as lithium, beryllium, boron, 
fluorine, or titanium (which are not end-products of stel- 
lar nucleosynthesis) are secondary particles. The pres- 
ence of a secondary component also leads to the conclu- 
sion that the abundance observed in CRs in do not reflect 
the actual source spectrum of these particles. Similarly, 
antimatter particles such as antiprotons and positrons 
should be mainly of secondary origin. Whether a small 
fraction antimatter may originate from primary sources 
is currently an open question. The study of secondary 
elements that are produced by nuclear fragmentation in 
the interstellar gas can therefore provide key scientific 
information about this question. 


Direct measurements of CR energy spectrum, composi- 
tion or arrival directions must be performed at the top of 
the terrestrial atmosphere by space- or balloons-borne ex- 
periments. The direct detection of CRs can be achieved 
up to energies where there is sufficient flux, depending on 
the sensitivity of the experiment. Since the sixties, sev- 
eral experiments for direct CR detection have been de- 
veloped onboard stratospheric balloons, satellites, space 
probes and space stations. Current measurements extend 
from the MeV scale up to about 100 TeV of kinetic energy 
per nucleon. Above these energies, the CR flux is inferred 
up to about 10 EeV of energy with indirect methods, us- 
ing data from ground-based experiments after modeling 


the interaction of CRs with the atmosphere. 

In this paper, I will review the recent results from ex- 
periments of direct CR detection, their implications on 
our understanding on the origin of CR, and the new open 
challenges for future experiments. The present paper is 
based on my review talk given at the 27th European Cos- 
mic Ray Symposium, ECRS, from July 25th to 29th, 
2022 in Nijmegen, The Netherlands. Excellent recent re- 
views on this topics can be found in Refs. [1-5]. The rest 
of this paper is organized as follows. Section II gives an 
overview of the basic phenomenology of Galactic CRs. 
Section III provides a brief summary the main experi- 
ments of direct CR detection in the last decades. Sec- 
tion IV presents the recent results in direct CR detection 
of light, intermediated, and heavy nuclei, as well as light 
leptons and antiparticles. In Section V, some of the fu- 
ture projects of direct CR detections are discussed. My 
conclusions are given in Section VI. 


I. THE COSMIC RAYS 


The energy spectrum of CRs follows a steeply falling 
behavior, nearly power-law behavior, that extends from a 
few MeV to EeV energies. Known features appearing in 
the spectrum are the so-called knee, located at energy of 3 
PeV, and the ankle beyond 10 EeV. The low-energy part 
of the spectrum is affected by the solar modulation, that 
arises from the transport of CRs in the solar wind and the 
interplanetary magnetic field. A compilation of measure- 
ments of the top-of-atmosphere flux of CRs as function 
of energy for different species is shown in Fig. 1. In figure 
shows the total flux of charged CRs, the so-called “all- 
particle” spectrum, as function of energy. Other compo- 
nents are the flux of CR protons, electrons, positrons, an- 
tiprotons, along with gamma-rays and high-energy neu- 
trinos. It can be noted that, in the energy range from 
GeV to PeV, the CR flux is a rapidly falling function of 
the particles energy Æ. This behavior is approximately 
described by a power-law function J(E) = A(E/Eo)~7, 
where Aw1.8 x 104 m~?s~!sr—-!GeV—!, yx2.7, and Ey = 
GeV. 

In the seventies, it was also discovered that the flux 
of secondary CRs is subjected to a rapid energy depen- 
dence, with a slope y Z 3, i.e., appreciably higher than 
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FIG. 1. Compilation of measurements of the CR flux as function 
of energy for different charged species, along with gamma-rays and 
neutrinos. Courtesy of Carmelo Evoli. 


that of primary species. In practice, the secondary to 
primary flux ratio is observed to decrease with increasing 
energy. This feature has been interpreted for long time in 
terms of an energy dependent confinement time of CRs 
in the Galaxy. For the energies concerned in this review, 
such a confinement time range from ~ 10 kyr to about 
10 Myr. In the context of modern astrophysical mod- 
els of CR propagation, the study of energy spectra and 
charge/mass composition of primary and secondary CRs 
can provide key scientific information about their diffu- 
sive propagation across magnetic turbulence of the Milky 
Way. In the simplest models of CR propagation, the dif- 
fusion of CRs is described by an energy dependent (or 
rigidity dependent) coefficient of the type K(E) ~ E°, 
with ô ~ 0.3 — 0.6. The confinement time of CRs at en- 
ergy E is roughly given by T ~ L?/K(E), where L > kpc 
is the typical size of their confinement region, and the 
diffusion coefficient is of the order of kpc?/Myr. Due to 
diffusive propagation, CRs are expected to be remark- 
ably isotropic at most energies. This is indeed the case. 
For CRs at TeV-scale energy, where the observed level 
of anisotropy on various angular scales is of about 107°, 
presumably due to the global streaming of CRs in the 
Milky Way through the interstellar magnetic fields. 


The relative composition of the various CR elements 
is shown in Fig.2. In the figure, the CR abundances 
are also compared with the abundance of elements in the 
solar system, which is also well representative of the in- 
terstellar medium. It can be seen that about 88% of 
CRs are constituted by ionized hydrogen (protons), and 
about 9% are helium nuclei. Heavier nuclei and electrons 
contribute to a few percents of the total CR abundance. 
From the comparison with solar abundance, secondary 
CRs contribute to enriched abundances of the rarer el- 
ements such as, in particular, those of the Li-Be-B and 
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FIG. 2. Elemental abundances in CRs relative to Si (= 103) com- 
pared to the abundances in the solar system [1]. The CR data 
are from AMS-02 (H,He) [14], ACE/CRIS (Li-Ni) [6], and Super- 
TIGER (Cu-Zr) [7]. 


group or the sub-Fe group. A similar over-abundance in 
CRs is expected for antiparticles such as positrons or an- 
tiprotons. From the figure, a reduced even-odd effect can 
also be noticed in CRs. 

In the last decades, an impressive amount of data have 
been collected on the CR energy spectrum, arrival di- 
rections, and chemical composition. According to the 
mainstream interpretations of the observation accumu- 
lated in a century of observations, we can formulate the 
standard paradigm of CR physics from three main pillars: 
(i) CRs are interstellar particles accelerated by diffusive 
shock acceleration processes in supernova remnants; (ii) 
they propagate diffusively through interstellar turbulence 
over an extended magnetic halo, (iii) they interact with 
the gas nuclei of the interstellar medium to produce sec- 
ondary particles. Such a paradigm has been successful for 
decades in explaining the observations. The many con- 
crete models based on these hypotheses make use of vari- 
ous simplifying assumptions regarding sources and diffu- 
sion properties such as, e.g., homogeneity, isotropy, sta- 
tionarity, and linearity. Several longstanding questions 
about CRs and their sources are still waiting for con- 
clusive answers, such as: What’s the CR composition in 
their sources? Are different CR species accelerated from 
the same sources? Which sources contributes to CRs 
and at which energies? How the acceleration mechanism 
works? How CR propagation is related to the Galactic 
turbulence? Precise measurements of the energy spectra 
and charge/mass composition of CRs become essential 
tools to scrutinize the paradigm and improved the vari- 
ous models based on the above hypotheses. 


III. A GOLDEN AGE OF NEW CR 
MEASUREMENTS 


Direct measurements on CRs at kinetic energies be- 
tween multi-MeV/n to multi-TeV/n have been performed 
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FIG. 3. How it started... how it’s going. A timeline of the accomplished, ongoing, and planned experiments of direct CR detection in 
space (yellow) or on stratospheric balloons (red) in the present millennium. Courtesy of Alberto Oliva. 


extensively, since the 60s, by numerous experiments on- 
board stratospheric balloons, orbiting satellites, space 
probes or space stations. The present paper is focused 
on the last two decades, when CR measurements from 
space gained an increased attention. The main goals 
of these experiments have been the measurement of CR 
fluxes as function of the particle energy or rigidity, along 
with the mass or charge composition, arrival direction, 
or temporal variations in connection with solar activity. 
Prime goal of these experiments is the investigation of 
fundamental astrophysical mechanisms pertaining accel- 
eration and transport and interactions of cosmic particles 
in the interstellar or interplanetary space. Other goals of 
the CR physics research are the detection for rare parti- 
cles such as primordial antimatter nuclei, strange quark 
matter or fractionally charged particles, along with the 
search of tiny signals of dark matter annihilation. Ex- 
periment placed outside the atmosphere onboard space 
vehicles are particularly suitable for the search of the 
rarest constituents of the cosmic radiation. 


In the last two decades, several important results in CR 
physics have been achieved. Precise measurements up to 
the TeV scale have been conducted by the magnetic spec- 
trometers PAMELA [8] and AMS-02 [14]. The PAMELA 
experiment, Payload for Antimatter-Matter Exploration 
and Light-nuclei Astrophysics, was launched on June 
15th, 2006 from the Baikonur Cosmodrome, Kazakhstan, 
and operated onboard the Russian satellite Resurs-DK1 
till 2016. The AMS-02 experiment, second and final ver- 
sion of the Alpha Magnetic Spectrometer project, was 
installed on the International Space Station on 19 May 
2011 and will be operating for the station lifetime. Both 
experiments are designed to study high-energy CRs with 


focus on antiparticles and rare components. 

Alternative to magnetic spectrometry, experiments 
based on calorimetric techniques are widely employed. 
Calorimeters measure the total CR energies by evaluated 
the energy deposition of the incoming particle and its as- 
sociated shower. Recent examples are the space born 
calorimeters are DAMPE, CALET, NUCLEON and ISS- 
CREAM, all launched in the past few years [2-5]. Along 
with space missions, experiments on high-altitude bal- 
loons are still playing an important role in the direct 
detection of CRs. Recent examples are the flight cam- 
paigns of BESS, CREAM, ATIC, Super-Tiger, Baccus, 
along with forthcoming experiments such as HELIX and 
GAPS that are expected to run in short. A timeline of 
the recent and future projects of direct CR detection is 
illustrated in Fig.3. In light of the several ongoing and 
planned experiments, the present epoch can be rightfully 
considered as a golden age of CR measurements. 


IV. RECENT RESULTS 


New-generation experiments of direct CR detection are 
probing the fine structure of the CR phenomenology and 
bringing important results. In this recent golden age 
of CR measurements, several unexpected features have 
been discovered in the CR energy spectrum, and thus 
the study of CR acceleration and propagation processes 
has become more important than ever. In the next para- 
graphs I will give an overview of the recent results on 
the CR direct measurements, with a focus on the unex- 
plained anomalies found in the CR spectrum, along with 
a discussion on their possible interpretations. 
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FIG. 4. The p/He ratio as function of rigidity measured by AMS- 
02 between 2 GV and 2 TV. The ratio is steadly decreasing, but 
at high rigidities it shows a flattening [14]. 


A. High-energy protons and helium 


In the last decade, the accumulation of several mea- 
surements on CR proton and helium with unprecedent 
precision led to the fall of the traditional view that a 
simple and universal power-law can represent the CR flux 
without deviations up to PeV energies. A first challenge 
to the standard picture was provided by the observa- 
tion of a discrepant hardening in the protons and helium 
spectra. Several experiments such as CREAM, ATIC, 
PAMELA, and AMS-02 measured a change of spectral 
slopes at kinetic energy E = 200 GeV/nucleon [8, 10-14]. 
In addition, these experiments observed a tiny difference 
between the high-rigidity spectrum of CR protons and 
than that of helium or other nuclei leading, in particular, 
to a remarkable decrease of the p/He ratio at increasing 
rigidity: p/He x R~®, with a = 0.1. These features can- 
not be explained within the conventional models of linear 
diffusive shock acceleration of CRs followed by diffusive 
propagation in the ISM [15]. Several works suggested 
to account for the contribution of different accelerating 
sources, nonlinear effects in their propagation, or spatial- 
dependent diffusion [16-21] 

On the other hand, such features may offer a clue to 
the origin of high-energy CRs. The origin of the spec- 
tral hardening can be clarified with high-energy mea- 
surements of secondary fluxes and secondary/primary ra- 
tios, see Sec. IV B. Regarding the decrease observed in 
the p/He ratio at increasing rigidity, recent observations 
by AMS-02 show that the ratio becomes flatter at TeV 
energies. The measurement of the p/He ratio is shown 
in Fig.4. As seen, the data are well fitted with the 
sum of two components. The soft component, more pro- 
nounced at low rigidities, is a power-law function of the 
type fo(R) = C(R(Ro)*, with Ro = 3.5 GV, A = —0.3, 
and C = 3.30. At high rigidities, the hard compo- 
nent fı(R) = A dominates and the proton-to-helium 
flux ratio, with gradually approaches a constant value 
of A = 3.15 [14]. An physical interpretation of this re- 
sults is that a two-component scenario, where the total 


CR flux is made by two main classes of sources with dif- 
ferent p-He composition (i.e., different metallicity) and 
different spectral slopes (e.g., different ages) [19]. 

More recently, another interesting and unexpected fea- 
ture was observed from calorimeters DAMPE, CALET, 
NUCLEON and ISS-CREAM. It consists in the obser- 
vation a new “knee”, i.e., a spectral steepening, in the 
flux of CRs at about 10 TeV of energy [23-27]. Such 
a features has been observed in both protons and he- 
lium fluxes. The spectral index of CR protons (helium) 
is found to change from 2.60 (2.5) to about 2.85 (2.75). 
These result seems to suggest that the Galactic flux CRs 
arises from a mixture of different classes of sources, each 
characterized by distinct acceleration spectrum and cut- 
off. After the CR spectral hardening at ~ 100 GeV, the 
break at GeV energies, the first and second knees at the 
multi-PeV scale, the EeV ankle, such a 10 TeV softening 
is only a new piece of evidence against the old idea that 
the energy spectrum of CRs can be described by a simple 
and universal power-law. 


B. Primary and secondary nuclei 


In the recent years, important results have been ob- 
tained with the precision measurement of the nuclear 
component in CRs. The precise measurements of high- 
energy carbon and oxygen made by AMS-02 and CALET 
gives the important indication that the CR spectral hard- 
ening is a common feature of all primary nuclei [28, 29]. 
A further insight about the origin of the hardening comes 
from the AMS-02 flux measurement of secondary Li-Be- 
B elements from 2 GV to 4 TV of rigidity, along with 
several secondary to primary ratios such as B/C, Be/C, 
Li/O, et cetera [30, 31]. In these ratios, a 200 GV spectral 
hardening has been observed by AMS-02, revealing that 
the change of slope in the energy spectra of secondary 
nuclei (Li, Be, B) is stronger than that of primary nu- 
clei (C, O). As an example, Fig.5 shows the Li/O ratio 
measured by AMS-02 as function of rigidity. As seen 
from the figure, in the high-rigidity region (R 2 60 GV) 
the ratio can be described by a double power-law func- 
tion. The transition is seen to take place at the rigidity 
R= 192GV, where the log-slope of the ratio changes 
from A = 0.25 to A = 0.45. More recently, such a hard- 
ening in secondary to primary ratios has been confirmed 
by further measurements of the B/C ratio made by NU- 
CLEON, DAMPE, and CALET [32, 33]. These results 
provides a strong clue for the confirmations for a diffu- 
sive origin of the CR spectral hardening |18, 21]. In fact, 
if the hardening originate from intrinsic properties of the 
CR accelerators, no features should be expected in the 
secondary to primary ratios. On the other hand, change 
of slope in the secondary to primary ratios are expected 
if the hardening arises from CR propagation effects in 
the ISM [21]. In practice, an interstellar hardening can 
be produced by the self-generation of turbulence by CRs 
[18], by a non-separable diffusion coefficient in the energy 
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FIG. 5. The Li/O ratio as function of rigidity measured by AMS-02 
between 2 GV and 4 TV. At R 2 60 GV and up to 200 GV the ratio 
is steadily decreasing as power-law x R^ with from A æ 0.45, but 
at rigidities higher than 200 GV it shows a remarkable hardening 
to A = 0.25 [14]. 
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FIG. 6. Compilation of flux measurements for many elements 
between He and Fe multiplied by E?:5. The data shown here comes 
from Voyager-1 (sub-GeV), AMS-02 (Gev to TeV), CALET and 
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and space coordinates [20, 21], or by a combination of the 
two effects [22]. 


C. Intermediate and high-charge nuclei 


With the recent measurements of several nuclear 
species at higher charges, from Z = 9 to Z = 28, new in- 
triguing anomalies are emerging. A compilation of mea- 
surements for several nuclear species is shown in Fig. 6, 
where the flux of CR elements from H to Fe are plot- 
ted as function of energy and multiplied by E?°. In the 
following I will recapitulate some of the most interesting 
and puzzling features. 

An important measurement recently made by AMS- 
02 is the fluorine flux (Z = 9) [34]. The experimen- 
tal detection of fluorine in CRs is challenging because 
it is under-abundant in comparison with nuclei of close 
atomic number such as oxygen (Z = 8) or neon (Z = 10). 
For this reason, the past measurements on the fluorine 
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FIG. 7. Measurements made by AMS-02 of the F/Si ratio as 
function of rigidity compared with the B/O ratio rescaled by 0.39. 
Both ratios are multiplied by R°-?. The ratios are described with 
a double power-law functions with break rigidity of 175 GV. 


flux are scarce and affected by sizeable errors. In the cos- 
mic radiation, fluorine is a secondary element i.e., it is 
entirely produced by collisions of heavier nuclei such as 
Ne, Mg, Si, or Fe with the interstellar gas. The rigidity 
dependence of the fluorine flux should then be similar to 
that of boron. In particular, the F/Si ratio is expected 
to decrease with increasing rigidity like the B/O ratio or 
other secondary to primary ratios. The precise measure- 
ments made by AMS-02 between 2 GV and 2 TV show 
that the F/Si ratio subjected to a high-energy hardening, 
similarly to that observed in other ratios. In particular, 
at rigidity above R ~ 175 GV, a change of slope of 0.15 is 
reported, consistently with the hardening of the B/O ra- 
tio. However, in the whole rigidity range, the decrease of 
the F/Si ratio is found by AMS-02 to be shallower than 
that of the B/O ratio. In other words, the ratio between 
F/Si and B/O decreases with rigidity. The two ratios are 
compared in Fig. ?? The different rigidity dependence of 
the F/Si ratio is not captured by the existing models of 
CR propagation and the origin of such a different is cur- 
rently unexplained. 

Along with fluorine, recent measurements from AMS- 
02 involve the high-energy fluxes of Ne, Mg, and Si nuclei 
[37]. These nuclei are mostly of primary origin, similarly 
to H, He, C, and O nuclei. However, in the high rigid- 
ity region (R = 80 GV), the rigidity spectra of Ne-Mg-Si 
elements are found to be softer than those of other pri- 
maries such as He, C, and O. Although both groups must 
be of primary origin, the observed spectral difference may 
suggest that different CR sources contribute to the flux 
of different elements. In addition, other recent measure- 
ments by AMS-02 seems to indicate that Sulfur energy 
spectrum belong to the Ne-Mg-Si class of intermediate 
nuclei. These results suggest that some of the traditional 
assumptions of the standard CR propagation models are 
not longer valid. In particular, the assumption that the 
injection of CRs in the ISM can be described by a sim- 
ple universal and composition-blind acceleration function 
appears no longer supported by the AMS-02 nuclear data 
[38]. 


(http: //Ipse. inip- fr/crdb) . 
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FIG. 8. Energy spectrum of CR iron nuclei as function of kinetic 
energy per nucleon E measured by CALET, AMS-02, and Voyager- 
1. The flux is multiplied by E?-°. 


Other measurements made by AMS-02 involve mixed 
nuclei such as nitrogen, in particular, which is a mix of 
primary and secondary particles [35]. Nitrogen, similarly 
to elements such as aluminum and sodium, is accelerated 
in primary sources of CRs. However the abundance of 
nitrogen generated by fragmentation of heavier species 
is comparable to its primary component accelerated in 
supernova remnants. The nitrogen flux is a 50-50 mix of 
primary and secondary components having distinct spec- 
tral properties. Since the primary components are gen- 
erally harder than the secondary components, one might 
expect that the former dominate the total flux at higher 
rigidity while the latter dominate at low rigidity. The re- 
cent measurements from AMS-02 have shown that, below 
100 GV, the N flux and its spectral index are similar to 
that of Na, while above 100 GV the N flux becomes sim- 
ilar to the flux of Al [36]. The origin of such a behavior 
is not understood. 


The high-energy flux of CR iron has recently been 
measured by AMS-02, CALET, and NUCLEON [39—41]. 
These data cover a large dynamic range, from below one 
GeV to a few TeV of kinetic energy per nucleon. The CR 
iron flux data are shown in Fig.8. Contrary to lighter 
species, it can be seen from the figure that the flux of 
CR iron does not show a prominent spectral hardening. 
However, one may expect that the spectral hardening is 
less pronounced for heavier elements, due to the com- 
peting action of the destruction processes which hardens 
the low-energy part of the spectrum. In fact, the cross- 
section for CR destruction in the ISM increases with the 
nucleus mass. Nonetheless, the new measurements of the 
iron spectrum appears in contrast with the calculations 
of current models of CR transport, and in contradiction 
with other low-energy data from past experiments such as 
HEAO, ACE-CRIS and Voyager [42]. There are various 
possible explanations for the iron anomaly: the different 
injection mechanism, the presence of multiple breaks in 
the acceleration spectrum, a mis-estimation of the iron 
fragmentation cross-sections, unaccounted effects in solar 
modulation. In a recent work, the analysis of combined 


measurements on CR iron revealed that the low-energy 
discrepancy between the AMS-02 and earlier experiments 
ACE/CRIS and Voyager-1 can be explained by the pres- 
ence of a small bump in Fe spectrum [43]. Such a bump, 
appearing between 1 and 2 GV of rigidity, would origi- 
nate from a local accelerator of low-energy CRs. There 
are various indications for the existence of a local sources, 
e.g., from the observed excess of Fe isotopes in deep- 
ocean samples or in the lunar regolith, or from the mod- 
els of the Local Bubble formation from past supernova 
activity. A 2-3 Myr old supernova occurred within 100 
pe from Earth would explain various features observed 
in primary and secondary CR species [16, 44]. Besides 
the iron anomaly, similar features may be present in the 
flux of aluminum and fluorine, although these species are 
observed to behave differently to other primary elements 
such as He, C, or Si nuclei [45]. Since the low-energy re- 
gion the CR flux is significantly reshaped by solar modu- 
lation, nuclear interactions, ionization and Coulomb scat- 
tering, a better investigation is needed. 

Regarding the low-energy physics and in particular the 
heliospheric modulation of CRs, important observational 
advance and theoretical understanding have been gained 
in the recent decades The study of solar modulation has 
been limited for long time by the scarcity of long-term 
CR data on different species, and by the poor knowl- 
edge of their local interstellar spectra. The entrance of 
Voyager-1 in interstellar space, in 2012 provided us with 
the very data on the CR fluxes unperturbed by solar 
activity. Moreover, the realization of long-term experi- 
ments in space such as AMS-02, PAMELA, or CALET, 
along with spacecraft experiments, provided us with a 
large wealth of time-resolved and multichannel data on 
CR particles, nuclei, and antimatter [46, 47]. 


D. Cosmic leptons 


I will now turn the attention to the leptonic component 
of the cosmic radiation, namely electrons and positrons. 
Several experiments measure the so-called all-electron 
spectrum e* + e7, i.e., the total flux resulting from the 
sum of electrons and positrons. A compilation of all- 
electron flux data is shown in Fig.9. From the figure, 
some interesting features can be observed. In the multi- 
TeV region, the recent data from CALET and DAMPE 
reported a significant spectral softening at about 1 TeV, 
confirming previous indications that were coming from 
indirect measurements [48, 49]. The origin of such a 
feature is debated. It may be the result of a local ac- 
celerator with maximum energy in the TeV scale, or it 
may be related to the radiative losses of CR leptons dur- 
ing their propagation. Magnetic spectrometers have also 
separated the two electron and positron individual com- 
ponents. High-energy data in the CR positron flux are of 
considerable interest. In traditional models of CR propa- 
gations, cosmic positrons are of secondary origin and are 
generated by collisions of high-energy protons with the 
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FIG. 9. Compilation of recent measurements on light leptons. 
Top: the all-electron flux (et + e7) as function of the CR energy 
E multiplied by E’. Bottom: the positron fraction et /(e+ + e7) 
as function of energy. 


gas. In a conventional picture of CR propagation where 
all positrons are of secondary origin, the energy spectrum 
of CR positrons is expected to decrease more rapidly to 
that of electrons. Such a simple expectation is in clear 
contrast with observations of the so-called positron frac- 
tion et /(e* +e7), i.e., the ratio between the positron 
flux to the sum of positron and electron fluxes. 

Some recent measurements on the positron fraction 
from PAMELA, Fermi-LAT, and AMS-02 are shown in 
Fig. 9, where interesting features can be noticed. First, 
the low-energy data (E < 5 GeV) are approximately con- 
sistent with the standard models of secondary produc- 
tion where CR positrons are generated by collisions of 
CRs with the gas. However, the low-energy region is 
highly sensitive to charge-sign dependent effects in the 
heliospheric CR modulation. On the other hand, in the 
high-energy region (EF 2 10 GeV), all data show a sig- 
nificant excess of CR positrons, with respect to conven- 
tional expectation. Instead of decreasing like secondary- 
to-primary ratios, the positron fraction increases steadily 
up to ~200 GeV. The search for the origin of high- 
energy positrons have attracted widespread interest of 
the CR physics community. The proposed explanations 
for the positron excess include dark matter particle an- 
nihilation into e* pairs, or nearby astrophysical sources 
of primary positrons such as pulsars or supernova rem- 
nants. In particular, the most accepted explanation is 
the production of high-energy pairs e~ in the magne- 
tosphere of nearby pulsars such as Geminga or PSR 
B0656+14. The issue however is still debated. To clar- 
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FIG. 10. Antiproton to proton ratio as function of rigidity mea- 
sured by AMS-02 and PAMELA. 


ify on the origin of the anomaly, high-energy data on 
CR positrons are essential. From the AMS-02 data, it 
can also be noticed that the positron fraction peaks at 
the energy scale of about 500 GeV. If the positron excess 
is caused by a nearby accelerator, the observation of a 
peak gives precious indications on its properties. In the 
dark matter annihilation hypothesis, the peak would be 
directly related to the mass of the hypothetical dark par- 
ticles, which, from the AMS-02 data, would lie around 
the TeV scale. To explain the positron data in terms of 
annihilation of dark matter particles, however, requires 
a unrealistically high value for their annihilation rate: 
(aav) = 1074 cm/s. For comparison, the value required 
for the thermal production of dark matter in the early 
universe is (gav) ~ 2-10?6cm3/s. Another unsolved 
problem with the dark matter interpretation is how to 
conciliate the CR positrons data with the high-energy 
antiproton data. 


E. Antiprotons and antinuclei 


Similarly to positrons, antiprotons or light antinuclei 
are expected to be generated by secondary production 
processes, that is, in nucleus-nucleus collisions between 
CRs and interstellar gas. However, the subsequent pro- 
cesses of diffusive propagation and interactions in the 
Galaxy are similar to those of other hadronic or nuclear 
components of CRs such as protons, or other light nuclei. 
In particular, in the high-energy limit, the antiproton to 
proton ratio p/p must show a similar energy dependence 
of the B/C ratio, i.e., the flux of secondary antiprotons 
should be steeper than the proton flux. Moreover, nu- 
clear antimatter cannot be produced in the magneto- 
sphere of pulsars, which is the dominant astrophysical 
explanation for the positron excess. For this reasons, 
antiprotons can be considered as a clean and powerful 
probe for the search of exotic mechanisms of CR anti- 
matter production such as dark matter or evaporation of 
primordial black holes. Recent measurements of the an- 
tiproton to proton ratio from AMS-02 and PAMELA are 
shown in Fig. 10. In the figure, some interesting features 


can be noticed. At low rigidities, (R < 10 GV) fall-off of 
the ratio is approximately consistent with the kinematics 
for the antiproton production. The dominant production 
channel is p+ p —> p+ 3p, where high-energy protons of 
the cosmic radiation collide with ISM nucleons at rest. 
At high rigidities (R >> 10 GV), the p/p ratio appears re- 
markably energy independent, flatter than that expected 
by previous calculations. Such a behavior is not easy to 
explain in terms of standard production of secondary an- 
tiprotons. However, the data do not present prominent 
features expected from dark matter annihilation models 
such as peaks or bumps. Using these data, one can place 
strong limits to the rate of dark matter annihilation into 
quark-antiquark pairs. 

On the other hand, with the high-precision nuclear 
data on secondary to primary ratios, e.g., on the B/C 
ratio, one can set tight constraints on the parameters 
of the astrophysical background from the secondary pro- 
duction mechanism. Using state of the art models of CR 
propagations, some authors have claimed indications of 
an antiproton excess in the ~ 5-20 GV region with respect 
to secondary production [50, 51]. According to these au- 
thors, such an excess has a 3-sigma significance after ac- 
counting for theoretical and experimental uncertainties. 
Several other studies, however ,have claimed that the an- 
tiproton data are consistent with secondary production 
mechanism once all sources of uncertainties are properly 
accounted [52-55]. Although the significance for such an 
antiproton excess is debated, it is interesting to notices 
that the fits to the p/p data in terms of dark matter mod- 
els are in nice agreement with those accounting for the 
so-called GeV excess in the Galactic center observed with 
gamma rays [50]. Moreover, the resulting annihilation 
rate for dark matter particles into quark-antiquark pairs 
that generate antiprotons is of the order of (a 4v) ~ 107°, 
This value is remarkably well in agreement with cosmo- 
logical estimates of the thermal production of dark mat- 
ter in the early universe. 

While the antiproton data have generated a renewed 
interest in the search of dark matter using cosmic an- 
timatter, a conclusive and unambiguous answer might 
come with the detection of antideuteron and antihelium. 
These species, in fact, the astrophysical background ap- 
pears reduced in comparison of the expected signal of 
dark matter annihilation. At the time of this review, 
no antinuclei have been reported in the cosmic radia- 
tion. The best upper limits have been set from antimat- 
ter spectrometers PAMELA and BESS [1, 2]. Release of 
new data or upper limits is await from the AMS-02 ex- 
periment. After nearly 12 years of observations, AMS-02 
should have reached a high level of sensitivity for testing 
several existing dark matter models. 


V. FUTURE MISSIONS 


In this section, I will overview a few forthcoming or 
proposed experimental efforts of direct CR detection. 
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FIG. 11. Diagram of present and future experiments in the 2D 
plane exposure time vs acceptance. The experiments are placed in 
various configurations of detection setup [61]. For proposed mis- 
sions such as HERD, ALADInO and AMS-100, an observation time 
of 3 years is set as benchmark. Courtesy of Matteo Duranti. 


A first experimental milestone, expected in the coming 
months, is the first flight campaing of the General An- 
tiParticle Spectrometer (GAPS). The GAPS instrument 
is a novel concept of spectrometer for antinuclei [56]. 
Its detection strategy is based on the formation and de- 
cay of exotic atoms that follow the absorption of antinu- 
clei in the active material. The experiment has planned 
at least two balloon flights in Antarctic. According to 
its projected performance, with a cumulate exposure of 
~ 100 days of observation GAPS would reach a sensitiv- 
ity of ~10~° nucm~?s~!sr—-!GeV—! for antideuterons of 
kinetic energy below 250 MeV/n. 

Another interesting balloon-born project is the HE- 
LIX experiment, designed to measure the chemical and 
isotopic abundances of light CR nuclei. HELIX consists 
of a 1T superconducting magnet with a high-resolution 
drift-chamber tracker, time of flight detector, and a ring- 
imaging Cherenkov detector [57]. Measurements by HE- 
LIX, especially of '°Be from 0.2 GeV/n to beyond 3 
GeV /n may provide an essential set of data for the study 
of CR propagation. The experiment is planned to have a 
long-duration balloon flight during an upcoming balloon 
campaigns in the northern or southern hemisphere. 


Regarding the future of CR detection in space, a pro- 
posed project based on magnetic spectrometry is the Pen- 
etrating Particle Analyzer (PAN). PAN is an instrument 
conceived to precisely measure the CR flux and composi- 
tion from 100 MeV/n to 20 GeV/n, i.e., at relatively low 
energies. The PAN design is based on a modular mag- 
netic spectrometer of small size, reduced power consump- 
tion and weight which make it suitable for deep space and 
interplanetary missions [58]. Along with the physics of 
Galactic CRs, the PAN project aims at studying the en- 
ergetic solar particles, trapped populations of particles 
in planetary magnetospheres, as well as being utilized as 
a radiation monitor for Space Weather in interplanetary 
travels. 


On the calorimetric sides, the next big science project 
is the High Energy cosmic Radiation Detection (HERD). 
Proposed as a space payload onboard the China’s Space 
Station, the HERD experiment aims at extending high 
precision and high statistics spectral measurements of 
CRs up to few PeV energies. It will address many of 
the issues presented in this review. Moreover, the HERD 
detector will also serve as an observatory for y-rays at 
energy between few hundred of MeV up to 1 TeV, con- 
tributing to multi-messenger astronomy [59]. 

Regarding the future detection of antimatter, two ma- 
jor missions that are currently under study can be con- 
sidered as the next-generation of magnetic spectrometers 
in deep space. The Antimatter Large Acceptance Detec- 
tor In Orbit (ALADInO) is designed to have a nearly 
4r field of view and a geometrical acceptance of about 
10 m?sr [60]. Its silicon microstrip tracker system reaches 
a maximum detectable rigidity of 20 TV and allows for 
redundant particle identification capabilities. By design, 
the ALADInO tracking system is covered by a wheel of 
plastic scintillators and incorporates a 60 radiation length 
core calorimeter [60, 61]. Along with ALADInO, the “ul- 
timate” big science experiment based on magnetic spec- 
trometry is represented by AMS-100 [62]. As a science 
platform for physics and astrophysics in the high-energy 
domain, the AMS-100 is able to a achieve a geometric 
factor of 100 m?sr and a maximum detectable rigidity of 
100 TV. With a 70 radiation length claorimeter, AMS- 
100 is also sensitive to PeV energies CR nuclei and high- 
energy gamma-rays. Both experiments ALADInO and 
AMS-100 are conceived for deep space orbits, such as the 
Sun—Earth Lagrange point L2, and for long-duration mis- 
sion of at least ten years of unassisted operation. Com- 
pared to existing experiments, these missions will im- 
prove the sensitivity for the observation of new phenom- 
ena in CRs, and in particular in antimatter, by a factor 
of 1000 or more. From both experiments, the detection 
secondary antideuterons is guaranteed from any plausi- 
ble model of astrophysical background. In Fig. 11, some 
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of the present and future experiments are placed in a 2D 
diagram representing exposure time vs acceptance. The 
experiments are placed in various configurations of de- 
tection setup associated to different acceptance [14, 61]. 
For the proposed experiments such as HERD, ALADInO 
and AMS-100, an observation time of 3 years is set as 
benchmark. 


VI. CONCLUSIONS 


In the recent years, substantial progress has been made 
towards understanding the astrophysical sources of high- 
energy CRs and their propagation in the Galaxy. New- 
generation experiments of direct CR detection are bring- 
ing important results and opened a new era of precision 
physics in the study of the cosmic radiation. The increase 
in accuracy and sensitivity in the detection of CRs is also 
rising new questions and challenges for the interpretation 
of the data, perhaps suggesting the necessity of a criti- 
cal revision of the current paradigm for the origin and 
propagation of CRs. In a long term view to the future, 
there is a number of proposed or planned projects of CR 
detection that will address important science questions 
in muslti-messenger astrophysics and may led to trans- 
formative advance in the field of CR physics. 
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